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Using an optimized KOH activation procedure we prepared highly
porous graphene scaffold materials with SSA values up to 3400 m2 g1
and a pore volume up to 2.2 cm3 g1, which are among the highest for
carbon materials. Hydrogen uptake of activated graphene samples
was evaluated in a broad temperature interval (77–296 K). After
additional activation by hydrogen annealing the maximal excess H2
uptake of 7.5 wt% was obtained at 77 K. A hydrogen storage value
as high as 4 wt% was observed already at 193 K (120 bar H2), a
temperature of solid CO2, which can be easily maintained using
common industrial refrigeration methods.
Carbon materials with ultra-high surface area are of increasing
interest for several important energy-related applications: hydro-
gen storage,1 supercapacitors,2,3 and batteries.4 Therefore, a lot
of efforts have been made during the past decades on studies of
hydrogen storage in various nanostructured porous materials:
activated carbons,5,6 carbon nanotubes, templated carbons,7,8
carbide derived carbons9 and, more recently, graphene.10–13
The theoretical SSA of ideal single layered graphene is about
2630 m2 g1 which is often cited as the maximal possible value.14
Recent theoretical modelling results demonstrated that SSA values
as high as 5000 m2 g1 are possible for graphene sheets perforated
with small size holes and packed into a 3D structure with an
optimal inter-layer distance of 0.7–1 nm.15 However, there are no
suitable methods to hold graphene layers separate from each other.
The best of the so far known methods to produce highly
porous carbon materials is KOH activation, which was exten-
sively studied for a broad range of precursors, including natural
biomaterials and, more recently, reduced graphene oxide (r-GO).2,3,11
It is known that the SSA of carbons produced by KOH activation
can be as high as B3000 m2 g1 and depends very strongly on the
type of the precursor materials.4 Using graphene as a precursor can
be an advantage due to the more precisely defined shape and
possibility to arrange graphene sheets into multilayered structures.
Introducing defects e.g. wrinkles, holes and wave-like corrugations
could prevent graphene sheets from aggregating into less porous
graphitic structures. Activation of r-GO using annealing with KOH
was reported to result in samples with a SSA of 3100 m2 g1 and with
an extraordinarily high pore volume of 2.14 cm3 g1,2,11 which is
superior to those of other carbon materials. Typical pore volumes
below 1.4 cm3 g1 have been reported for carbon materials produced
using KOH activation of precursors other than graphene, even for
samples with SSA values exceeding 3000 m2 g1.4 A lower total pore
volume of B1.7 cm3 g1 was reported also for zeolite-templated
carbons with a SSA of about 3300 m2 g1.16 Therefore, it is rather
interesting to verify hydrogen sorption parameters of KOH activated
r-GO samples (a-r-GO) with ultra-high surface area and pore volume.
Rapid thermal exfoliation of graphite oxides results in the
formation of r-GO consisting of strongly defective single-layered
and few-layered graphene sheets.17 However the SSA of this r-GO is
relatively small (up to B800 m2 g1). Much higher SSA of KOH-
activated samples has been attributed to the formation of holes in
graphene sheets as revealed e.g. by direct electron microscopy
observations.2,11,18 However, hydrogen storage parameters of KOH
activated samples with an ultra-high SSA of B3000 m2 g1 were not
reported in these studies.
Recently we re-evaluated hydrogen sorption properties of
‘‘graphene’’ with a broad range of SSA (300–2400 m2 g1), including
some samples prepared using the KOH activation procedure.13
However, initially we were not able to reproduce SSA approaching
3000 m2 g1 following a procedure described in ref. 11. Lower SSA
values have also been reported in several later studies aimed at KOH
activation of graphene-related materials.19–21
Here we report an optimized procedure for KOH activation of
r-GO which allows us to produce reliable and reproducible materials
with SSA up to 3400 m2 g1 and a pore volume of 2.2 cm3 g1 and to
evaluate hydrogen storage parameters of activated r-GO (a-r-GO).
Therefore, we extended the H2 uptake vs. SSA trends (at 296 K and
77 K) to include a broader range of values (300–3300 m2 g1).
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r-GO obtained by thermal exfoliation of Hummers graphite oxide
was subjected to modified KOH activation tuned to provide samples
with an ultra-high surface area of over 3000 m2 g1 (see the ESI† for
details). Hydrogen storage parameters were determined in a broad
temperature interval using the volumetric method. Several samples
were also annealed in situ in 50 bar H2 gas at 673–723 K which
resulted in a further increase of H2 uptakes.
The SSA of activated r-GO (a-r-GO) samples was evaluated using
nitrogen adsorption isotherms (Fig. 1a). This isotherm analysed
using the BET method provides an SSA value of 3300 m2 g1. The
analysis of the isotherm shown in Fig. 1a by the quenched solid
density functional theory (QSDFT) method based on a slit-pore
model results in a lower value of 2620 m2 g1, while the nonlocal
density functional theory (NLDFT) method based on a slit/
cylindrical-pore model shows 2660 m2 g1. In the following discus-
sions we use SSA values determined by the BET method. Two peaks
are typically observed in the pore size distribution plots simulated
for a-r-GO using slit pore QSDFT (Fig. 1c), the first peak centered
approximately at 0.7–0.8 nm and the second at B1.5 nm. The
‘‘graphene scaffold’’ structure created using the KOH activation
procedure shows essentially microporous nature in contrast to
pristine r-GO obtained by thermal exfoliation (Fig. 1c).
Several a-r-GO samples were additionally annealed in H2 in order
to substitute oxygen containing functional groups with hydrogen.
These samples showed a pore size distribution with an additional
peak corresponding to wider pores with up to B3 nm (see the ESI†).
Analysis of pore size distribution for samples with the highest SSA
shows that a-r-GO is essentially microporous with the size of pores
below 3 nm, a maximal BET surface area of 3300 m2 g1 and a pore
volume up to 2.22 cm3 g1 (Fig. 1b). The pore volume of a-r-GO
samples is superior compared to other nanoporous materials. For
example, a comparable pore volume of B2 cm3 g1 is achieved in
Metal Organic Framework (MOF) materials with about twice higher
SSA values (B5000–7000 m2 g1).22,23 Note that changing the model
from slit pores to slit-cylindrical pores results in a rather small
change in the pore volume (Fig. S1 in the ESI†).
The evolution of the sample composition as a result of GO
exfoliation and activation was evaluated using XPS (Fig. S2 in the
ESI†). The composition of the precursor GO sample corresponds
to C/O = 2.63 and increases up to C/O = 6.3 after thermal
reduction. Annealing of an r-GO/KOH mixture resulted in further
reduction (C/O = 24.0), whereas after hydrogen annealing a-r-GO
showed C/O = 35.
Both r-GO and a-r-GO samples are non-crystalline solids and
show no diffraction peaks. There is also no change in Raman
spectra as a result of activation treatment (Fig. S3 in the ESI†).
Therefore, the microstructure of a-r-GO samples was evaluated also
by Scanning Electron Microscopy (SEM) which showed that they
consist of grains with a size of up to tens of micrometers (Fig. 2).
The grains exhibit a hierarchical porous structure with typical
shapes of observed grains from cheese-like to sponge-like depending
on the number of micrometer sized holes (see also the ESI†). Under
higher magnification, smaller pores with a typical size on the scale of
Fig. 1 N2 adsorption/desorption isotherm for the a-r-GO sample (SSA =
3300 m2 g1) (a) and analysis of isotherms simulated using the QSDFT slit
pore model: plot of cumulative pore volume (b), pore size distribution for
several a-r-GO samples (c).
Fig. 2 SEM images recorded for the a-r-GO sample with a BET surface area
of B3300 m2 g1. The images show a hierarchical size pore network (a and b)
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a few nanometers to tens of nanometers are revealed. A more
detailed study showed that broken skeleton-like walls of a-r-GO
grains exhibit clearly layered texture (Fig. 2c and d). Fig. 2c shows the
edge view of a densely packed array of irregularly curved and
interconnected layers. The overall structure of our samples can
then be described as packs of strongly perforated graphene layers
arranged into 3D ‘‘scaffolds’’.
Hydrogen sorption of a-r-GO samples was evaluated using the
volumetric method at 77 K and 296 K. An example of H2 isotherms
recorded for a high surface area a-r-GO sample (SSA = 3230 m2 g1) is
shown in Fig. 3. The H2 uptake measured at 77 K saturates at
B40 bar (7.04 wt%) whereas at 296 K adsorption is not saturated
and reaches 1.13 wt% at 120 bar. The hydrogen uptake was further
improved using additional activation by H2 annealing at 450 1C for
2 hours. Remarkably, hydrogen uptakes measured for the annealed
sample increased by B10% (1.25 wt% at 296 K and 7.48 wt% at 77 K).
Nitrogen isotherms were recorded for this sample before H2 uptake
measurements, after H2 measurements, and finally after H2 annealing
and re-measurement of hydrogen sorption on an annealed sample
(Sample 2 in Table S1, ESI†) showing only negligible variation. There-
fore, the increase of hydrogen sorption as an effect of H2 annealing
should be assigned to a change in the pore size distribution, rather
than to an increase of SSA (Fig. 1c and Fig. S2 in ESI†). High hydrogen
sorption properties of material are preserved even after prolonged
exposure to air and are reversible for several cycles (Fig. S4, ESI†)
The temperature dependence of hydrogen uptake measured
for two a-r-GO samples is shown in Fig. 5. The plot includes
saturation values for lower temperatures and uptake values
specific for 65 bar H2 pressure for higher temperatures when
saturation could not be achieved (inset in Fig. 4). Hydrogen
uptakes for samples with maximal surface area were also
verified at a higher H2 pressure of 120 bar for temperature
points of practical interest: 273 K (ice bath) and 193 K (tem-
perature of solid CO2) (Table 1 in the ESI†). Remarkably,
hydrogen storage with a capacity as high as 3.8–4.2 wt% can
be achieved already at a solid CO2 temperature. Note that this
value measured at 120 bar H2 is not saturated and can be
further improved by an increase in pressure. Very common
industrial refrigeration methods allow maintaining samples at
193 K which can be of practical interest for hydrogen storage.
The isosteric heat of adsorption for the sample with maximal
storage capacity (Fig. 3) was evaluated using four isotherms
(following the procedure described in ref. 24). The Qst value of
B6.2–6.4 kJ mol1 can be obtained by rough extrapolation of the
adsorption heat to zero uptake (Fig. S5 in the ESI†). This value is
in good agreement with the data reported earlier for high surface
area carbon materials (e.g. 6.5 kJ mol1 for the sample with a SSA
of 3591m2 g1 (ref. 7) and 5.9 kJ mol1 for r-GO10).
The results of hydrogen sorption measurements are summarized
in Fig. 5 which shows SSA vs. wt% trends at 77 K and 296 K. It is
known that hydrogen uptakes by various carbon materials correlate
with BET SSA and show common trends.8,25–27 Some early studies
of hydrogen adsorption by ‘‘graphene’’ reported H2 uptake values
Fig. 3 Excess adsorption isotherms at T = 77 K, T = 193 K and T = 296 K
for the a-r-GO sample with SSA = 3230 m2 g1 and isotherm recorded at
77 K after H2 annealing.
Fig. 4 Temperature dependence of H2 uptakes for two a-r-GO samples.
The inset shows isotherms recorded for the a-r-GO sample with a BET
surface area of 2800 m2 g1 at different temperatures up to a pressure of
65 bar H2. The isosteric heat of adsorption value of 6.1 kJ mol
1 was
determined for this sample.
Fig. 5 H2 uptake (wt%) vs. SSA trends evaluated using the volumetric
method and immersion cell for a-r-GO samples at 296 K (120 bar) and 77 K
(saturation value) before (’) and after H2 annealing ( ). The trend is
extended showing samples of r-GO ( )13 and reference points for meso-
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3–10 fold higher for r-GO samples with relatively small SSA
values.28,29 However, our experiments demonstrate that H2 uptakes
of ‘‘graphene’’ samples follow standard for all carbon material trends.
The trends revealed in Fig. 5 demonstrate 0.32 and 2.3 wt% H2
uptakes per 1000 m2 g1 for 296 K and 77 K, respectively, in good
agreement with the ‘‘Chahine rule’’.7,30
An interesting example of deviation from the standard trends is
activation of a-r-GO by H2 annealing. The increase of H2 uptakes
occurs after hydrogen annealing activation without visible change in
surface area values or the total pore volume, only with some change
in pore size distribution (Fig. S2 in ESI†). Most likely the effect of
H2 annealing at 723 K is substitution of residual oxygen containing
functional groups on the edges of a-r-GO pores with smaller hydrogen
atoms. We suggest that the increase of H2 uptakes could be explained
by contribution of sub-nanometer pores which become accessible for
hydrogen as a result of pore broadening by hydrogenation.
The structure of KOH activated material was cited in some
previous publications simply as ‘‘activated graphene’’. However, it
is obvious from images shown in Fig. 2 that the samples need to be
considered as three-dimensionally arranged irregular packing of
strongly defective graphene layers (Fig. 6a). The powder of r-GO
typically has very low bulk density with individual few layered
graphene flakes not bound to each other. Annealing with KOH
results in the formation of solid micrometer size grains which
consist of more densely packed and interconnected perforated
graphene sheets. The role of pillaring units separating graphene
sheets from each other could be played e.g. by ruptured edges of
holes (Fig. 6b). The irregular shape of r-GO flakes and defects
created by gasification prevents formation of a graphitic structure.
The maximal SSA observed in our experiments wasB3400 m2 g1.
The SSA values over 3000 m2 g1 were reproduced in at least 15
separately annealed samples. These values are comparable to the
highest reported for nanostructured carbons, but still below
4000–5000 m2 g1 theoretically predicted for highly porous
perforated ordered graphene multilayers which promises even
further improved hydrogen storage of graphene scaffolds.16
In conclusion, KOH activation of thermally exfoliated r-GO was
tuned to produce samples with an ultra-high BET surface area up to
B3400 m2 g1 and a pore volume up to 2.2 cm3 g1, superior to any
other carbon materials. Furthermore, our graphene-based materials
successfully compete with MOFs regarding the pore volume and
hydrogen storage properties.22,23 As a result of activation treatment
r-GO is transformed into a three-dimensional structure composed
of strongly defective and interconnected graphene layers.
Hydrogen storage parameters of graphene scaffolds produced
by KOH activation measured for the a-r-GO sample with a SSA
of B3230 m2 g1 after additional activation using high temperature
annealing in hydrogen gas were 1.25 wt% at 293 K (120 bar),
1.61 wt% at 273 K (120 bar), 4.23 wt% (120 bar) at 193 K (tempera-
ture of solid CO2) and B7.48 wt% (saturation value) at 77 K.
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